2
In the last decade, SERS detections of single small molecules in aggregates of metallic nanoparticles have been confirmed by the bi-analyte method, despite the extreme randomness of hotspot intensities and EFs 8, 9 . It has been shown that the EFs vary from around 10 4 to over 10 10 , the 0.0003% most intense hotspots contributing 7% of the overall SERS signal 10 . It has also been pointed out that the most intense hotspots are required for detection of single small molecules with non-resonant Raman scattering cross sections as small as 10 -29 to 10 -30 cm 2 sr -1 11 . To resolve the extreme randomness of EFs so as to achieve efficient and systematic study of molecular dynamics, well-controlled fabrication of SERS substrates has been studied extensively [12] [13] [14] [15] [16] . For example, electron beam writing of sub-5 nm gap optical antennas has been demonstrated recently, which nevertheless is no longer reproducible at such a small length scale 12, 15, 16 . An alternative approach that is directly related to our work in this paper is the nanoparticle-plane junction 2, 5, 17, 18 , with reported experimental SERS EFs limited to about 10 6~8 , and with its reproducibility shown only after averaging tens of hotspots. Meanwhile, there has been great progress in tip-enhanced
Raman scattering (TERS) in recent years 6, [19] [20] [21] [22] . But due to its inherent limited EFs, TERS has only been used to detect single molecules with large Raman scattering cross sections.
In this paper, we report another kind of SERS experiment to achieve both reproducible and ultrahigh SERS EFs for the first time, as shown in comparable to the highest in previous reports on random aggregates 3, 7, 10, 11 . In addition, thanks to the low laser power, the SERS signals were stable for more than five minutes without any obvious evidence of molecule degradation.
In the above, we have used MGITC as the probe molecule due to its large resonant Raman scattering cross section at 633 nm, so that the Raman signals from the bare gold plane can be measured to calculate EMEF. We also measured a monolayer of non-resonant small molecules, 4-nitrobenzenthiol (4NBT), from twenty antennas, as shown in Fig. 3 . Not only can we observe clear SERS signals from the -NO2 stretching mode at 1336 cm -1 under 300 nW laser 7 power and 4 s integration time, but a considerably better reproducibility than that of MGITC which is 10 ±0.08 . We suppose the higher reproducibility to be the consequence of the molecules'
better chemical stability when they are non-resonant with the laser 25 and having a larger number of smaller molecules in each hotspot. The value of Ahotspot needs further discussion. Values from less than 1 nm 2 to several tens of nm 2 have been used in the literature. Ultra-small hotspots seem to be evidenced by ultrahigh resolution TERS mapping experiments, both under ultrahigh vacuum and low temperature and in ambient conditions 6, 22 . The sub-nm TERS hotspots were related to the nonlinear dependence of TERS intensity on laser power, which was suggested to result from stimulated Raman scattering (SRS) 6 . In our experiment, a strong nonlinear dependence of the SERS intensity on the laser power has also been observed, as shown in Fig. 4 . However, we can exclude the possibility of SRS effect by working with a low laser power, as explained in the following. 300 nW at 633 nm 8 corresponds to 9.5×10 11 photons per second, and the plasmon life time in the antenna is 5.3 fs according to the LSPR bandwidth in Fig. 1b , so that no more than 5.0×10 -3 plasmons are simultaneously confined in the antenna under 300 nW laser power. Therefore SRS by the plasmons is much weaker than the spontaneous Raman scattering 26 . The origin of nonlinearity is not clear to us at the moment, and we don't know whether it implicates smaller hotspots and higher EFs than we have estimated in this paper. Compared with previous work on nanoparticle-plane junction SERS, the enormously improved EFs and reproducibility in our experiment come from three factors. First, the RP laser 9 beam is critical for obtaining maximum |Ez| in the laser focal spot and consequently efficient excitation of the vertical antenna. In general, the laser beam and the focusing element should have the same central symmetry, while the other methods such as inclined illumination has been proved inefficient by us 27 . The vectorial profiles of both LP and RP focal spots are compared in Supplementary Fig. S4 to further illustrate this point. Second, the atomically flat gold plane is critical for reproducibility, while most previous work used evaporated or sputtered metal films which had nanometer scale surface roughness. The variance of EF in our experiment is largely because the nanospheres are actually polyhedrons with crystal plane facets, so that different nanospheres have different interfaces with the hotspots. A transmission electron micrograph (TEM) and LSPR spectra of twenty antennas are shown in Supplementary Fig. S5 for further discussion. Third, the EFs roll over at sub-W laser powers, as shown in Fig. 4 . The reproducibility significantly worsens in the roll-over regime, therefore low laser power operation is critical, which in turn requires high sensitivity.
In conclusion, by focusing an RP laser beam onto the gold nanosphere -atomically flat gold plane junctions, we have obtained ultrahigh SERS EFs that are quite uniform between different hotspots. Together with the benefits of low power operation, this method should facilitate systematic study of nanoscale molecular behavior by Raman spectroscopy 28 . It also provides a sensitive and reproducible probe for exploring the physics of nanoscale hotspots, e.g. nonlinearity 6 , nonlocality and quantum tunneling 16, 29, 30 . In the future, we will integrate the nanosphere with the tip of a scanning force microscope for imaging and precise gap size control.
Methods

Sample preparation:
The antennas coated with a monolayer of MGITC were prepared as follows 17 . First, 13.5 μL of 45 μM MGITC (Invitrogen M689) ethanol solution and 1 mL of 5.2×10 9 /mL gold nanosphere ultra-purified water solution (BBI Solutions, 60 nm mean diameter, ±8% variation) were incubated together for 2 hours at room temperature. Then the functionalized gold nanosphere solution was 1:1 diluted with ultra-purified water, and drop-casted onto the gold planes. The gold planes are 200 nm thick Au (111) films on mica substrates (PHASIS), which have been deposited by magnetron sputtering and then hydrogen flame annealed to obtain atomically flat surfaces. Next the samples were rinsed with ultra-purified water and dried under a stream of nitrogen.
The bare gold planes coated with a monolayer of MGITC were prepared as follows. The gold plane samples were first immersed in 1 μM MGITC ethanol solutions for 10 minutes, then rinsed with ethanol and dried under a stream of nitrogen 24 .
The antennas coated with a monolayer of 4NBT were prepared as follows. First, 0.5 mL of 6.5×10 9 /mL gold nanosphere ultra-purifed water solution was added to 0.5 mL of 4 μM 4NBT (Sigma-Aldrich) water solution and mixed for 2 hours at room temperature. Then the functionalized gold nanosphere solution was drop-casted onto the gold planes. Next the samples were dried under a stream of nitrogen.
Dual-beam focused ion beam (FIB) milling was used to fabricate the double rings and align the rings' centers to the nanospheres.
Optical measurement:
Raman scattering was measured as follows. A He-Ne laser working at 632.8 nm and TEM 00 mode was used to excite the molecules. The laser beam passed through a liquid crystal polarization converter (ARCoptix) and was converted to an RP state of polarization. The RP laser beam was focused onto the samples through a long working distance 100× Plan Apo objective, whose NA is 0.9. Reflection from the sample, including Raman scattering, was collected by the same objective, passed through a long-pass filter, and detected by a monochromator installed with an electron multiplying CCD (EMCCD) detector.
LSPR was measured as follows. A super continuum source was focused onto the samples through the same 100×
objective. The scattered light was collected outside the NA of the objective with a lens whose NA is 0.15. The collecting lens focused the scattered light into a fiber-bundle, which was directed to the monochromator and EMCCD detector. The power of the super continuum source was carefully decreased by neutral density filters in order not to damage the samples.
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The small scattering cross section of the antennas and the large reflection off the gold plane render it extremely difficult to find the nanospheres under optical microscopes without special methods. The same 100× objective was used as part of a home-built microscope to observe the nanospheres. A spatial filter blocked the central part of the objective's entrance pupil so that the nanospheres were illuminated at an inclined angle. The nanospheres appear as dark spots on a bright background, due to the antennas' absorption and scattering of the inclined illumination. In addition, FIB milled position markers were made on the gold planes, and SEM images were taken to compare with the optical microscopy images, so that the nanospheres can be identified repeatedly.
We have selected those gold nanoparticles with spherical shapes under SEM for optical experiments. Around 10% of the gold nanoparticles have irregular non-spherical shapes. Otherwise, we have not intentionally excluded any nanospheres for SERS EF reproducibility characterization.
FDTD simulation
The FDTD simulations were done with Lumerical FDTD Solutions. The nanosphere-plane junction structure is excited by a broadband total-field scattered-field source, which is a p-polarized planewave at 30-to-normal incidence. The boundary conditions are perfectly matched layers except for one mirror symmetry plane across the center of sphere. The finest grid size of the mesh is 0.05 nm in and near the junction gap, and increases to 4 nm at away from the junction gap. 
Effects of nanosphere-plane interfaces
The TEM image of a 60 nm gold nanosphere coated with a monolayer of MGITC is shown in 
